priority pollutants from water. It turned out that they may be successfully used to remove inorganic compounds, such as heavy metals, but also organic compoundsamong others, dyes, pesticides, detergents, aromatic and aliphatic hydrocarbons, phenols, drugs and their metabolites, and even viruses resistant to chlorination [4] [5] [6] [7] . It is important to recall that water pollution by both heavy metals and organic compounds is considered a serious environmental problem because these pollutants modify the chemical properties of water and are toxic to aquatic flora, animals and human beings [8] [9] [10] [11] . For example, heavy metals are toxic even at relatively low concentrations, while some may be carcinogenic, e.g. Cr(VI). Although only one form of chromium is toxic, both forms of Cr are removed on activated carbons, due to the fact that Cr(III) can be oxidized in the water treatment process to form toxic Cr(VI) [12, 13] . We also ascertained the major influence of the initial oxidation of the above mentioned groups of compounds with strong oxidants, such as ozone, on the subsequent filtration process and its effectiveness.. Use of activated carbon to remove excess chlorine remaining from the process of chlorination is also noteworthy. Among the known methods, adsorption on activated carbon is the simplest, most effective and economical one, because activated carbon used in water treatment processes may be reused after regeneration [14, 15] . Therefore, the water producers face a task of continuous modernization of technical systems based on activated carbons used for water treatment and purification.
Understanding the phenomenon of adsorption, research on carbon surface modification and other work aimed at understanding the physico-chemical properties of activated carbons have made activated carbons the material which is widely used in the process of water purification. Ion adsorption on activated carbon depends on the ion size and charge, as well as pH [16] [17] [18] [19] . Specific properties of the ion, connected with the interaction of the cation with the surface of activated carbon, may also have a large impact. Alkali metal cations are bound to the surface of carbon practically only by electrostatic forces [20] . Ions prone to polarization, such as Fe(III), Cr(III), Al(III), Cu(II), Ni(II), form complexes on the carbon surface containing coordination bonds [18, 21] . Often, activated carbons are modified and impregnated to increase the active groups which retain metal cations. The role of the modifier or impregnation may be met by pyrocatechol violet [22] , pyrogallol red [23] , sodium dimethyldithiocarbamate [24] , potassium manganate(VII) [25] or potassium bromate(V) [26] . Studies have investigated the adsorption of metals on activated carbons by physically activated -carbon(IV) oxide, water vapour [16] , air [27] and chemically activated -zinc chloride, phosphoric(V) acid [16] , sulfuric(VI) acid [28] or nitric(V) acid [29] . Some metal ions are adsorbed on the carbon surface of a different character and opposite ion-exchange properties. Non-oxidized activated carbon with anion-exchange properties may adsorb heavy metal ions such as Hg and Ag [30] . Ion adsorption on activated carbon is also accompanied by the oxidation and reduction processes which are connected with the redox properties of carbon. In contact with carbon, cations of metals such as Au, Ag, Hg, Fe, Cr, Mn may be reduced to ions at lower oxidation states and even to metallic form [31] .
The present study used granular activated carbons from anthracite, which were obtained during the first year of operation inside filters, as well as new, unused activated carbon. The main objectives of the present study were: (1) to determine how the introduction of activated carbon for a water purification system will improve the quality of the water produced; (2) to investigate the sorption of metals on activated carbons including determination of the accumulation, as well as changes in concentrations of elements in activated carbons used in the water treatment process, and comparison of these values with new carbons not used in this process; (3) to characterize the correlation between the content of elements in different activated carbons; (4) to trace the similarities and differences between the analyzed carbons.
Experimental procedure

Stages in water purification
The first technological system in Water Treatment Plant Goczalkowice (southern Poland), called Go-cza I, uses raw water from the Goczalkowice reservoir located on the Vistula river. It utilizes pre-ozonation (Fig. 1 , step 1), coagulation with alum (Al 2 (SO 4 ) 3 ) (step 3), and flocculation and sedimentation units. After a rapid sand filtration (step 4), water flows trough the pumps (step 7) and is mixed with the water passing through the second filtering system. The second filtering system, Go-cza II, uses raw water from both the Goczalkowice and the Czaniec reservoir. Technologically, it consists of analogous water treatment units, i.e., of preozonation (step 2), coagulation with Al 2 (SO 4 ) 3 at step 5 and the rapid sand filtration of water (step 6). However, a more effective, advanced and compact clarifier/flocculator unit (Degremont) is employed for the coagulation process. The consecutive step is a common secondary ozonation (step 8). Then the water passes through the granular activated carbon filtration unit (step 9) and finally, the process of chlorination (step 10) takes place.
Eventually, the water enters the municipal pipeline system. The consecutive steps involved in water filtering are schematically shown in Fig. 1. 
Sampling
All samples of activated carbons were collected after the first year of operation inside filters from Water Treatment Plant Goczalkowice. Of the sixteen filtration chambers filled with carbon sorbent, activated carbons from nine selected filters were tested. The tests were carried out on three types of activated carbons with different granular structure -Chemviron F-300 (grain shape; filter No. 1, 2), Norit ROW 08 (cylindrical shape; filter No. 4), filter No. 9, 10, 11, 12, 15, 16) . New, unused Chemviron F-300, Norit ROW 08 and WG-12 activated carbons constituted the comparative materials. Used and unused materials were purchased and delivered at the same time.
Reagents
All reagents used in the analysis of activated carbons were analytically pure. High purity double-distilled and deionized water for dilution was obtained using a Millipore Milli-Q system. All solutions of multielemental standards (Merck, Germany) were prepared daily in water obtained from the Milli-Q System (Millipore, USA) and used for the calibration. Ultrapure concentrated nitric(V) acid (65%, Merck, Germany) was used for adjusting acidity of the samples and standard solutions.
Analytical methods
0.1 g-in-weight samples of crushed activated carbon were quantitatively transferred into teflon crucibles, and then 6 mL of 65% nitric(V) acid were added. The conditions for the digestion of activated carbons were determined by optimization. The digestion process was carried out using a Uniclever BM-1z mineralizer working in four stages: I -heating: 3 min, pressure: 17-20 atm, 60% microwave involved, II -heating: 5 min, pressure: 27-30 atm, 80% microwave involved, III -heating: 10 min, pressure: 42-45 atm, 100% microwave involved, IV -cooling: 10 min When the mineralization was completed, the samples were quantitatively transferred to flasks and volumes were made up to 10 mL with demineralized water. The concentrations of elements, such as Ca, Mg, Ba, Sr, Mn, Ti, Al, Cr, Cu, Fe, Ni, K, Na, P, and Zn was determined using optical emission spectrometry with excitation by argon inductively coupled plasma (ICP-OES). All assays were performed six times for each type of activated carbon and evaluated statistically. The optimum measurement conditions are shown in Table 1 . The wavelength, detection and quantification limits of the elements analyzed are shown in Table 2 . Quality control for this procedure was carried out using the standard recovery test. The recovery was studied for two different concentrations of the elements analyzed and ranged from 88% for Cr to 109% for K. 
Data processing methods
Analysis of the interdependence of variables was carried out by calculating linear Pearson correlation coefficients. It has been assumed that the regression modeling of the potential usefulness of the selected variable (explanatory) to model another variable (explained variable) determines the absolute value of the high correlation coefficient between these two variables. The statistical analysis usually assumes that if the correlation coefficient is >0.9, a very strong linear dependence exists; 0.7-0.9 -significant linear dependence; 0.4-0.7 -moderate linear dependence; 0.2-0.4 -distinct linear dependence, but low; <0.2 -no linear dependence [32] . Applications of the Pearson correlation coefficients may be found in literature [33, 34] .
Measurement series were obtained by statistical correlation analysis using the variance correlation test and Spearman's test. Spearman's rank correlation coefficient is a non-parametric measure of the statistical dependence between two variables. If there are no repeated data values, a perfect Spearman correlation of +1 or −1 occurs when each of the variables is a perfect monotonic function of the other. The Spearman correlation coefficient is often thought of as being the Pearson correlation coefficient between the ranked variables. The variance test of the correlation is a kind of F-test. The F-test was used to compare the variance associated with linear regression to the residual variance. The estimated variance was compared with the array F distribution critical values. If the estimation of the variance is greater or equal than the critical value [35] , the alternative hypothesis must be adopted by correlating results of determination of elements. If the absolute value of Spearman's rank correlation coefficient is greater than the critical value [36], the alternative hypothesis must be adopted by correlating results of determination of elements. Otherwise, the null hypothesis of no such correlation must be adopted [37, 38] . Next, we examine the diversity of the elements analyzed in all activated carbons using one-way ANOVA and Kruskal-Wallis one-way analysis of variance. Kruskal-Wallis one-way analysis of variance by ranks is a non-parametric method for testing equality of population medians among groups. It is identical to a one-way analysis of variance with the data replaced by their ranks. The null hypothesis (H 0 ) implies that there is no statistical difference in the element across all activated carbons. The opposite hypothesis (H 1 ) means that the test element varies across all activated carbons [39, 40] . Applications of one-way ANOVA [38, 41, 42] and Kruskal-Wallis one-way analysis [38, 43, 44] abound in the literature.
The Mann-Whitney U test is a non-parametric statistical hypothesis test for assessing whether two independent samples of observations have equally large values [40] . This test can be used to investigate the differences between any two activated carbons for all analysed elements. This test was used only in one type of activated carbon -Norit ROW 08 -because our comparison concerns only two series, so we compared this new activated carbon with the carbon used in filter No. 4. Moreover, these activated carbons have been examined in the t-Student test. A t-test was used to compare the average obtained for the new activated carbon with the average obtained for the used activated carbon [45, 46] . A t-test is any statistical hypothesis test in which the test statistics follows a Student's t distribution if the null hypothesis is supported. Statistical equality of the average means accepting the null hypothesis. However, acceptance of the alternative hypothesis is supported in the absence of equality of averages. Other applications of the Mann-Whitney U test are presented in the literature [37, 38] and of the t-Student test in articles [41, 42, 47] .
Principal component analysis (PCA) has been widely applied in data mining to investigate data structure. In PCA, new orthogonal variables (latent variables or principal components) are obtained by maximising the variance of the data. The number of the latent variables (factors) is much lower than the number of original variables, so that the data can be visualised in a low-dimensional PC space. Several algorithms can be used to perform PCA, such as the singular value decomposition (SVD) approach [48] and the non-linear iterative partial least squares (NIPALS) algorithm [49] . In recent years, the so-called kernel PCA approach has gained a lot of attention in chemometrics due to its computational efficiency [50] . PCA allows to reveal similarities and differences between individual samples and the relationship among the measured parameters [51].
Results and discussion
15 elements were determined in all activated carbon samples. Table 3 shows the element content in different activated carbons from various filters -Chemviron F-300 (CH), Norit ROW 08 (N), and WG-12 (WG) used for one year in relation to new activated carbons.
The analysis determined the impact of operating time on the concentrations of selected elements in the three types of activated carbons examined, which were located in various chambers of the filter. The points of reference were new, unused activated carbons.
In the case of Chemviron F-300, collected from filter No. 1 (CH1), we observed a gradual increase of Ca, Mg, Ba, Mn, Al, Cr, Cu, Fe, Ni, Zn, and P in carbon after the first year of operation in comparison to new activated carbon. The largest increases in the concentrations of these elements was found for Mn (1623%), Zn (855%), Ca (301%), Cu (253%), and P (237%). Other elements of this group are adsorbed by activated carbon to a lesser extent and their growth reaches the following values: Mg -160%, Ba -133%, Ni -131%, Cr -119%, Al -110%, Fe -105%. In the case of K, Na, Sr and Ti, concentrations are highest in new carbon and after the first year of operation, white the concentrations of these metals in F-300 from filter No. 1 are clearly decreasing. Analysis of Chemviron F-300, located in filter No. 2 (CH2), showed an increase in element concentrations over time during exploitation of the carbon only for Ca, Mg, Mn, Cu, Fe, Zn, and P. Increments are as follows: Mn -1874%, P -525%, Zn -181%, Ca -155%, Cu -130%, Fe -127% and Mg -103% in relation to new activated carbon. The content of such metals as K, Na, Ba, Sr, Ti, Al, Cr, and Ni decreased in the first year of the carbon filter operation, proving their leaching from new carbon.
Filter No. 4 contained Norit ROW 08 (N4) sorbent. The study showed a gradual increase of Ca, Ba, Sr, Mn, Ti, Al, Cr, Cu, Ni, Zn, and P during the first year of operation in relation to new activated carbon. However, in unused carbon, Ni is below the detection limit. The largest increases in the contents of these elements in used activated carbon compared to the unused activated carbon were found for Cu (1965%), Mn (807%), Ba (425%), Zn (203%), Al (203%). Other elements of this group are adsorbed by activated carbon to a lesser extent, with concentration increases reaching 164% for P, 154% for Ca, 120% for Cr, 113% for Sr, and 106% for Ti. During the study, in the case of this activated carbon, desorption of some elements during the filter operation was also observed. This applies in particular to Na, K, Mg, and Fe. In the remaining filter chambers No. 9, 10, 11, 12, 15 and 16, which contained activated carbon of the WG-12 type, we observed a gradual increase in the concentrations of Ca, Mn, and Zn in used carbon in relation to new carbon after the first year of operation. In the case of Mn, the increase in all the filters was in the range of 577-982%, for Zn, 218-270%, and for Ca 119-163%. Moreover, in used activated carbon in comparison to new carbon, we observed a slight increase in the concentrations of Ti and Ni in most filters, and a slight decrease only in filter No. 11 (WG11) for Ti and in filter No. 10 (WG10) for Ni. In the case of Cu, the experiments showed irregular adsorption of this metal on the activated carbon, a small increase in filters No. 10 (WG10) and 12 (WG12) and a slight drop in filters No. 9 (WG9), 11 (WG11), 15 (WG15), 16 (WG16). Additionally, leaching of metals from the surface of activated carbon during its operation was observed in the filter test chamber. Desorption mainly of light elements such as K, Na, Mg, Ba, Sr, Fe, Al, Cr, and P occurred in all the filter chambers.
Statistical analysis
Tables of Pearson correlation coefficients show the dependences of the analyzed elements. The values of correlation coefficients for all sampling points and the selected explanatory variables are shown in Table 4 .
Summary of the data allows selecting specific elements for explanatory variables repeated in various activated carbons. During the test the correlation between the elements, the following conclusions were arrived at: the strongest line correlations depending on the level of the Pearson correlation coefficients r ≥0.90 are observed between Na and K. Significant correlations (r = 0.70-0.90) are also found in the case of Fe, which is most strongly correlated with Al and Ti. P has the highest correlation coefficient for Cu. Then, Zn has the highest correlation coefficient for Mn and Ca. Sr correlates well with Ba. Na correlates to the greatest degree with Sr and Ba. K is particularly strongly correlated with Ba and Sr. Similarly, Ni shows a correlation with Ti, Al, and Fe. On the other hand, in the case of Al, the strongest correlation was observed for Ti and Ba. A linear relationship exists also for Cu and Al.
Measurement series were obtained by statistical correlation analysis using the variance correlation test (a kind of F-test) and Spearman's test. Results of this statistical analysis are summarized in Next, we analyzed the diversity of the elements in all carbons using one-way ANOVA and the Kruskal-Wallis one-way analysis of variance. The results are shown in Table 6 . The Kruskal-Wallis test gives similar results as a more powerful one-way ANOVA. Values of F and chi gathered in Table 6 are the critical values for the corresponding levels of significance (5% and 1%) for the distribution of F and the distribution of chi-square. If the calculated value is larger than F or chi critical value, we should reject the null hypothesis (H 0 -no differences between the carbons), and adopt the alternative hypothesis (H 1 ) of the statistical variation for the elements in all carbons. In both new and used Chemviron carbons (CH), the biggest differences appear for strontium and the smallest ones for aluminum. From the point of view of the contents in Chemviron, all elements exhibit statistical variability, except for Al and Na. In new and used WG carbons, the largest differences appear for potassium and the lowest ones for iron. Contents of all elements in WG carbon are statistically different. Analysis of new carbons of Chemviron, Norit and WG types suggests that the largest differences occur for potassium and the lowest ones for calcium. In all the new carbons analyzed, concentrations of all elements show statistical differences.
In the case of Norit carbon, we have not applied the Kruskal-Wallis test or one-way ANOVA, because these methods are not recommended for only two series (Nn and N4). Therefore, in this type of carbon, elements were tested by the Mann-Whitney U test and the t-Student test ( Table 7) . The null hypothesis is that there is no difference between Nn and N4 activated carbons (H 0 ), while the alternative hypothesis is differentiation of Nn and N4 activated carbons (H 1 ). Using these tests, we notice statistical differences in all analyzed elements, except for Sr, Ti, Cr, and Fe.
Principal component analysis
Principal component analysis allowed us to find the relationship among all measured elements and activated carbon samples. All analytical results were put together in one 12×15 matrix (samples×elements) and were autoscaled. Then, the singular value decomposition (SVD) algorithm was adopted. After calculating the cumulative percentage of variance it was possible to see the percentage of the variability, described by all principal components. The first principal component (PC1) describes about 40% of the total variance, the first two PCs more than 70% and the first three PCs more than 80% of the total variance. Subsequent factors explain less and less volatility. Therefore, data analysis was conducted based on the first three main factors. Then, in order to examine the interactions between the elements analyzed, projections of weights of selected pairs of the main factors (PC 1 to PC 2 and PC 1 to PC 3) were drawn (Fig. 2) . Elements, which are characterized by high absolute values of weights for the main component, contribute substantially to the creation of this factor. From the analysis of the projection of elements on the plane spanned by PC 1 and PC 2, it can be concluded that the variables that make the greatest contribution to the creation of the first principal component (PC 1) are the content of Mg and the contents of Al, Fe, Ni, Ba. The greatest contribution to the second principal component (PC 2) are the contents of Na, K, Sr and the contents of Mn and Zn. In the formation of the third factor (PC 3), the greatest contributions are the content of P and the content of Ti. A positive correlation can be noticed between the content of elements in the activated carbons, as follows: Na-K, Fe-Ni-Al-Ti and Zn-Mn-Ca. Additionally, there appears to be a lack of correlation between the contents of Mg, Na and K. The projection of the main component scores (PC 1 to PC 2 and PC 1 to PC 3) was also plotted (Fig. 3) . This projection shows the relations between all the analyzed activated carbon samples. When two data points on the plot are closer together, they are more similar to each other. The differences are larger when the distance increases [51] . On the PCA score plots, especially PC 1 to PC 3, there is an evident division into 3 groups: Nnew-N4 (first group); CH1-CH2 (second group); WG9-WG10-WG11-WG12-WG15-WG16 (third group). It may be noted that the unused activated carbon WGnew deviates significantly from the third group, much like the unused activated carbon CHnew deviates from the second group. In the third group, there are many activated carbons and, as shown by the analysis, they are similar to each other. The biggest differences within this group can be observed between the WG10 and WG11 activated carbons. In the case of first and second groups, the similarity within the group is smaller. 
Conclusion
The method presented for determination of elements in the activated carbons studied using ICP-OES techniques allowed simultaneous determination of Ca, Mg, Ba, Sr, Mn, Ti, Al, Cr, Cu, Fe, Ni, K, Na, Zn, and P. It thereby allowed us to determine the degree of accumulation, as well as changes in concentrations of these elements in activated carbons used for more than one year in the water treatment process in Water Treatment Plant in Goczalkowice, compared to new activated carbons. The experiment showed that metals usually accumulating in the activated carbons during the operation included Ca, Mn, Zn, and Cu. Moreover, in each of the three types of activated carbons used in the study, we can distinguish such elements as Ba, Al, Cr, Ni, Ti, characterized by irregular accumulation during the operation of the filter. During operation of a carbon filter under a constant flow of water, leaching of mainly light metals, such as K and Na, occurs. Other metals, in the form of easily soluble salts, are also leached, which is reflected in the results obtained by ICP-OES. On the basis of the results one may conclude that K and Na are the most mobile elements, because their losses caused by leaching from the surface of activated carbons in the first year of operation are observed for each type of carbon.
The introduction of carbon sorbent for water treatment in Water Treatment Plant Goczalkowice largely contributed to improvements in the quality of raw material supplied to customers, mainly with regard to taste and smell, as well as to reduction of basic parameters: color by 85%, absorbance in the UV range by 79%, oxidability by 54% (Table 8) . Furthermore, use of ozonation and filtration by carbon adsorption beds allowed for 44% reduction in the dose of chlorine used in the final disinfection of water and resulted in reduced levels of THMs, especially chloroform, by ca. 80% [52] .
This study showed that heavy metals are still present in the aquatic environment. Further analysys of activated carbons in subsequent years of filter operation needs to be undertaken to improve the water purification process, thereby improving the quality of treated water.
